The immobilization effect of 1 and 3 mass % of Ni 2+ or Co 2+ ions on the hydration reaction of ordinary Portland cement (OPC) and ordinary Portland cement blended with 5 and 15 mass % pumice was investigated. This was done by studying the bulk density, total porosity, compressive strength as well as identifying the phase composition of the formed hydrates using X-ray diffraction (XRD) technique. In addition, leaching behaviour of Ni 2+ and Co 2+ ions was examined up to 90 days using static leaching technique. The results indicated that the incorporation of these ions causes a notable retardation for the early hydration of the OPC. This effect is more noticeable in presence cobalt ions. Besides, the retarding effect was increased by increasing the percentage of heavy metal ions incorporated in the hydrated matrix. However, for OPC-pumice blended cement pastes, the existence of Ni 2+ or Co 2+ ions resulted in an enhancement in the compressive strength values during the hydration period from 3-28 days to be comparable with the values of neat OPC pastes. This enhancement is attributed to the interaction of these ions with pumice which increases the heavy metal fixation.
Introduction
The environmental contamination by numerous heavy metal ions is inevitable due to industrial growth. These heavy metal ions are highly toxicologically elements. Due to the geochemical behaviour of cobalt and nickel beside their industrial uses, they have received considerable attention [1] . Cobalt has a high affinity for manganese and iron oxides as well as phyllosilicate minerals [2] . Whereas, nickel is always detected in soils as a result of the presence of many nickel-bearing silicates [3, 4] . Actually, nickel and cobalt are broadly used as industrial catalysts. Nickel has been used in different fields such as pigment, mining, electroplating and battery industry [5] . Cobalt is usually used in electroplating, pigment and metal alloy industry [6] .
Removal of many heavy metals ions from industrial wastewater can be achieved via numerous inorganic ion exchange materials such as synthesized inorganic materials (micas and zeolites).
One of the most essential ways in the treatment of heavy metal-containing industrial wastes is solidification/stabilization (S/S) using cement-based materials [7] . However, the incorporation of such species has significant effects on the early rate of OPC hydration, in addition to the retardation of the initial setting. The possible contrivance of heavy metals immobilization in S/S process using cement-based materials could be explained in terms of sorption of these heavy metal ions on the hydration products and /or chemical incorporation via complexation or precipitation [8, 9] . The leaching rate is mainly dependent on the concentration and solubility of contaminants as well as the penetrability of the matrix [10] .
Ordinary Portland cement (OPC) is the major material in S/S technology. However, a secondary binder could be used as a blend with cement in S/S technology to reduce the cost and to increase the effectiveness of heavy metal removal. Kaolinite [11] , artificial zeolites [12] and homra (crushed clay bricks) [13] are examples of these materials.
Pumice is a light, porous igneous volcanic rock. It has a high surface area and can be processed easily. The existence of large amounts of free silica sites at the grain surface causes the surface to carry negative charges. The structure of volcanic pumice contains open channels that permit the flow of water and ions into and out of the structure. In Egypt, pumice occurs in a few places, at El-Arish, North Sinai [14] . The Egyptian pumice is classified as basaltic pumice depending on its colour and specific weight [15] .
Evidently, the use of pumice to remove heavy metal ions from wastewater is a well-established process [16, 17] . The application of pumice as lightweight coarse aggregate in concrete production as well as cement replacement material was investigated by many researchers [18] . The porous structure and the lack of crystalline structures of Pumice permit it to be an excellent heat and sound insulator [19, 20] . The inclusion of pumice aggregate (PA) causes thermal conductivity and density of concrete to decrease up to 46% and 40%, respectively [21] . Pumice powder also used as a filler of self-compacting concrete [22] . This study aims to investigate the possibility of utilization of the Egyptian pumice as a pozzolanic blend to OPC and the possible use of OPC-Pumice hardened blended pastes in the stabilization/ solidification of nickel and cobalt ions.
Experimental

Materials
The cement used in this study was ordinary Portland cement (OPC) with Blaine surface area of 3170 cm 2 /g supplied by Lafarge cement company, Cairo, Egypt. Pumice (P) samples supplied from the Red Sea Company was ground to a fine powder to be with a Blaine surface area of 4800 cm 2 /g. Table 1 shows the chemical oxide compositions of both pumice and OPC. Nitrate salts of cobalt (Co(NO 3 ) 2 .6H 2 O) and nickel (Ni (NO 3 ) 2 . 4H 2 O) were used as sources for cobalt and nickel ions, respectively. Two ratios of Ni 2+ or Co 2+ ions were used, 1% and 3% by weight of solid binder. Designations and percentage compositions of the different mixes are shown in Table 2 . Each dry mix containing OPC and pumice was mechanically mixed in a porcelain ball mill for 8 hours to ascertain complete homogeneity of the mix.
Specimen preparation, curing and testing
Different cement pastes were prepared by mixing the dry samples with the needed amount of water, using the values of water/solid ratio = 0.3. The heavy metal ions were added with the water of mixing. After that, the resultant paste was moulded by using one-inch cubic moulds. The moulds were cured at about 100% relative humidity for 24 hours to reach the final setting. After 24 hours, the specimens were demoulded and preserved under tap water for 3, 7 and 28 days.
At each time interval, the compressive strength examination was performed using three cubes representing each hardened specimen and the average value was recorded. The hydration process of the hardened cement pastes was quenched using the method mentioned in a previous publication [23] . The samples were then dried at 100°C for three hours in the CO 2 -free atmosphere and conserved in a desiccator containing soda lime and CaCl 2 till using for testing purposes. Total porosity and Bulk density assessments of each hardened paste were performed by determining at definite time interval the following weights of the cube: immersed in water (W 2 ), suspended in air (saturated surface dry) (W 1 ), and after drying at 100°C for about 24 hours (W 3 ). Bulk density was calculated using the following mathematic expression [24] (Equation (1))
The total porosity percentage was then calculated using Equation (2):
The phase composition for selected specimens was investigated by x-ray diffraction using cobalt target (λ = 0.17889 nm) and nickel filter under working conditions of 40 kV and 40 mA.
Toxicity characteristic leaching procedure (TCLP) test was done to examine the leachate resulted from different specimens for heavy metal concentrations [25] . The test was performed as follows: After 7 days of hydration at about 100% relative humidity, five cubes representing each mix containing 1 or 3 mass % of the ions under investigation (Co 2+ and Ni 2+ ), were individually weighed and immersed in 100 ml demineralized water (pH = 7) in a closed plastic bottle for leachability and immobilization measurements at time periods of 1, 14, 30, 60 and 90 days in static mode [11, 26] .
At each time interval, the cube was removed and the pH of the leachant solution was determined using Orion Research Microprocessor Ion analyzer /901. The amounts of the leached heavy ions (ppm) were measured using atomic absorption spectrometry (Perkin Elmer, 2380). The immobilization percentage was calculated with respect to the original concentration used in paste preparation.
Results and Discussion
Compressive strength
The development of the compressive strength (kg/cm 2 ) of the hydrated pastes made from neat and blended OPC pastes is represented in (Figure 1 ). For control paste, mix I, it is clear that the values of compressive strength increase continuously with increasing hydration age up to 28 days. A rapid and fast enhancement in the values of compressive strength is noticed at early ages of hydration (first 7 days), followed by a gradual and continuous increase up to 28 days. This continual increase is attributed to the progress of the hydration process and the accumulation of calcium silicate hydrates (CSH) which are the main binding centres in the cementitious matrix. The hardened blended pastes containing 5 and 15 mass % pumice (mixes II and III, respectively), showed a similar trend in the mode of increasing the compressive strength with the hydration age as mix I. Approximately the same values of the compressive strength were recorded for mix II at 1 and 3 days of hydration as those of mix I.
At later ages of hydration; lower reduction in compressive strength values is noticed, about 7% and 12% loss are recorded at 7 and 28 days of hydration, respectively for the hardened blends made by mix II (relative to those of mix I). For mix III, there is a considerable and distinct lowering in the compressive strength values compared to mix I during all the hydration ages. The percentages of reduction in the compressive strength values recorded by the hardened specimens made of mix III are 12%, 17.5%, 37.5% and 34% at 1, 3, 7 and 28 days, respectively. Such a decrease in compressive strength values for OPC-pumice blended pastes was recorded in earlier publications [15, 18, [27] [28] [29] . Many studies illustrated that pumice is considered as a pozzolanic substance and its pozzolanic properties depend on both, chemical and physical compositions [30, 31] . Besides, pumice can serve as a filler material [22] .These filling properties compensating the loss in cement content for mix II resulting in comparable strength at early ages of hydration and slightly lower values at later ages of hydration. However, because of the higher content of pumice in mix III, the loss of the cement content in mix III is large, resulting in a notable lowering in the compressive strength values at all hydration ages, although, the strength reduction decreases with the increase of hydration age (7-28 days). Figure 2 shows the variation of the compressive strength of hardened OPC mixes containing 1 and 3 mass % Ni 2+ ions (mixes IA and IB, respectively) in addition to the mixes containing 1 and 3 mass % Co 2+ ions (mixes IC and ID, respectively) with the age of hydration. The presence of these two heavy metal ions in the OPC hardened pastes doesn't affect the mode of development of the compressive strength with the age of hydration up to 28 days (indicating that the presence of these heavy metal ions doesn't alter the mechanism of OPC hydration), although they alter the compressive strength values. Obviously, the extent of the effects that the heavy metal ions may do depends on their dose in the OPC hydrated matrix. Mix IA, containing 1 mass % of Ni 2+ ions, showed nearly the same compressive strength values compared to those of mix I during the hydration period 1-7 days and higher strength values at 28 days. While mix IB, containing 3 mass % of Ni 2+ ions, showed lower compressive strength values at all hydration ages, especially at 28 days.
Mix IC, containing 1 mass % of Co 2+ ions, showed lower compressive strength values after 1 day of hydration and comparable compressive strength values at later ages of hydration compared to those of mix I. However, mix ID (containing 3 mass % of Co 2+ ions) showed a distinct reduction in the compressive strength values at all hydration ages compared to those of mix I. Such results indicate that retardation of the hydration reaction may occur as a result of incorporation of nickel or cobalt ions in the hydrated OPC matrix. This retardation effect is more noticeable at the early ages of hydration. In addition, this retardation effect is clear and distinct for the mixes containing cobalt ions compared to those containing nickel ions. Similar results were recorded by Minocha and Goyal [32] for nickel ions. Based on their results it may be stated that Ni (II) ions work as a retarder for ordinary Portland cement in the concentration range 500-7000 ppm for cobalt ions, Wali et al. [33] demonstrated that the existence of cobalt ions in OPC pastes increases the water requirement and marginally reduces the late strength of cement paste.
The retarding effect due to incorporation of Ni 2+ or Co 2+ ions on the hydrated cement matrix with a consequent decrease of compressive strength may be explained in terms of the adsorption mechanism of heavy metal ions [32, 34] and/or their interaction with calcium silicate hydrates leading to the formation of a membrane with very low penetrability, which covers cement particles [13, 35, 36] . Such membrane retains the species concentration needed for the formation of hydration products not satisfactory for hydration to be continued. At later hydration ages, the ability of such membrane to be formed is reduced and hence, the hydration proceeds toward the formation of excessive CSH.
The presence of a low amount of the blender (pumice)in the hardened cement paste is an explanation for the similar effects of incorporating Ni 2+ or Co 2+ ions on the compressive strength values of mix II compared to those of mix I, (Figure 3 ). However, their effects on mix III is clearly different, about 25 and 50% reduction in the compressive strength values were noticed for mixes containing 3 mass % of Ni 2+ or Co 2+ , respectively after 1 day of hydration, (Figure 4 ). Such decrease in the compressive strength could be explained in terms of the retarding effect of heavy metal beside the large mass loss of OPC (due to replacing the OPC with 15% pumice), causing a severe retardation of the hydration process at early ages. At later ages of hydration, there is an enhancement in the values of the compressive strength for the mixes containing nickel or cobalt ions (mixes IIIA, IIIB, IIIC and IIID) compared to those of mix III (85% OPC + 15% pumice). About from 3 up to 36% increase in the compressive strength values were observed for these mixes during the hydration period 3-28 days compared to those obtained for mix III.
Besides, the incorporation of Ni 2+ or Co 2 ions in OPCpumice blended cement compensate the mass loss due to blending and so comparable strength values were obtained for neat OPC at 28 days of hydration. Such results could be related to the interaction of pumice with the heavy metal ions which reduce their retarding effect especially for mixes having high percentage ratios. Similar results were obtained by Eisa et al for OPCmetakaolinite blended cement incorporated with nickel ions [11] .
Bulk density and total porosity
Results of bulk density (g/cm 3 ) and total porosity (%) of various mixes are reported in Table 3 . Tests were performed after 1 and 28 days. The bulk density for all mixes showed higher values at 28 days compared to those obtained at 1 day. This result could be attributed to the filling of the pores of hydration products and formation of the denser structure by the ageing of the hardened samples. The main observation is that the bulk density values of cement pastes containing pumice are less than those of control paste (mix I) and the difference between them increases as the pumice content in the blended pastes increase. This result may be attributed to the partial replacement of cement by a lighter blender [37] . Evidently, all tested specimens incorporated with Ni 2+ or Co 2+ ions showed higher and/or comparable bulk densities values at 1 and 28 days of hydration compared to those of the corresponding hardened pastes free from these ions. In addition, in case of control pastes as well as those blended with 5% pumice and admixed with Ni 2+ or Co 2+ ions, the bulk densities values increase by increasing the dose of heavy metals. Minocha and Goyal [38] recorded a similar observation, that cadmium ions in the mortar samples enhance its bulk density.
All of the investigated mixes showed lower percentages of total porosity at later ages of hydration. This decrease is attributed to the accumulation of the formed hydrates within the pore structure of the cement matrix [39] [40] [41] . Lower percentages of total porosity were obtained for mixes containing pumice compared to those of control mix, especially at the early age of hydration (1 day) although these mixes showed lighter densities at the same hydration time. Such an observation could be explained in terms of filling action occurred by filler material (pumice) which is more obvious at 1 day. Incorporation of Ni 2+ or Co 2+ ions in a cement matrix, blended or neat OPC, slightly increases the total porosities of the cement pastes after 1 day and nearly doesn't affect the porosity at 28 days.
The slight enhancement in the porosity percentage after 1 day can be attributed to the retardation of cement hydration which is attributed to the presence of heavy metals ions. These results agree with compressive strength findings discussed previously.
Phase composition
XRD figures of mixes I, IB and ID after 1 day of hydration are represented in Figure 5 . XRD of control mix (mix I) displays peaks due to Portlandite (CH) and calcium silicate hydrates (CSH), indicating the beginning of the hydration. Peaks due to the unhydrated phases, β-C 2 S and C 3 S, are also identified in the XRD of mix I. The persistence of peaks due to β-C 2 S and C 3 S at 1 day of hydration is due to the incomplete hydration. The retardation effect as a result of incorporating Ni 2+ or Co 2+ ions on the early stages of hydration for OPC is clearly observed in XRD patterns of mixes IB and ID at 1 day of hydration. There is a distinct increase in the intensity of peaks due to the unhydrated phases, β-C 2 S and C 3 S, relative to those of mix I. The increase in the intensity of peaks characteristics to CH for mix IB at 1 day is attributed to the increase in its crystallinity when it interacts with Ni 2+ ions.
XRD pattern of mix I at 28 days of hydration shows enhancement in intensities of the peaks due to CH and CSH, meanwhile the peaks due to β-C 2 S and C 3 S showed a decrease in their intensities ( Figure 6 ). This implies the proceeding of the hydration process [42] . The retardation due to incorporated Ni 2+ or Co 2+ ions in the hydrated matrix of OPC isn't clear as indicated by the similarity in the intensities of the peaks of CH and CSH in XRD figures of mixes IB and ID compared to those of mix I. Figure 7 shows XRD patterns of mixes III, IIIB and IIID after 1day of hydration.
The XRD pattern of mix III showed similarity to that found in case of mix I indicating that the same hydration products were formed as in case of mix I. Referring to peaks due to CH, β-C 2 S and C 3 S in the XRD figures of mixes IIIB and IIID, the retardation effect as a result of the presence Ni 2+ or Co 2+ ions in OPCpumice hydrated matrix is also observed after 1 day of hydration.
After 28 days, there is a noticeable enhancement for the intensities of the peaks characteristic to CH in XRD of mixes IIIB and IIID which reveals the proceeding of the hydration in these two mixes and nearly disappearance in the retarding process as a result of the presence of the two heavy metal ions (Figure 8 ). For all OPC and OPCpumice mixes incorporating with Ni 2+ or Co 2+ ions the diffraction patterns showed the peaks characteristic to Ni(OH) 2 or Co(OH) 2 .
Leaching behaviour
pH measurements
The measured pH of the leachant solution of different samples admixed with Ni 2+ or Co 2+ ions were 12-13 range after one day. These values become within 9-11 after 3 months of curing. The decrease in pH with the leaching time is explained due to stabilization of heavy metal ions in the OPC hydrated matrix. Tables 4 and 5 show the variation of pH of different mixes after immobilization times up 90 days. Tables 6 and 7 show ppm values of leachant of Ni 2+ or Co 2+ ions from admixed OPC and OPC-pumice cement matrix at various time periods. Generally, all hardened pastes show a slight and continuous loss in the immobilization percent with increasing leaching period up to 90 days. OPC-pumice blended hardened pastes showed lower leaching for Ni 2+ or Co 2+ ions than those of neat OPC paste, especially when high amounts of the heavy metal were used. However, the leaching concentrations of the two metals at any curing age were considerably lower than TCLP regulatory limits, which is < 7 and 10 ppm in tap water for Ni 2+ or Co 2+ respectively, for both OPC and OPC-pumice blended cement pastes. For the heavy metal-doped OPC matrix, the soluble metal ions easily exist as hydroxy anions M(OH) 3− and M(OH) 4 2− in a high pH aqueous environment [43] . These hydroxy anions cover the positively charged surface of the CSH-Ca 2+ hydrated particle to form a passive layer which hinders the further hydration for a certain time. However, pumice can interact with the metals ions via adsorption or through linking directly to the edge of the silicate chains and hence, it hinders the formation of this passive layer and increases the fixation of the metals ions in the OPC-pumice blended cement.
Heavy metal immobilization assessment
Conclusion
Based on our results we can conclude that:
(1) The compressive strength decreases by replacing OPC with pumice. The extent of this decrease increases with the increase of the pumice content. (2) Presence of Ni 2+ or Co 2+ ions in OPC matrix retards the hydration reaction which is more noticeable during the early times of hydration. The retardation effect increases with increasing the dose of the heavy metal ion. (3) The presence of Ni 2+ or Co 2+ ions in OPC-pumice cement matrix resulted in an enhancement in the mechanical properties during the hydration period 3-28 days to be comparable to those of OPC as a result of the interaction of the metal ions with pumice leading to an increase of the metal ions fixation. (4) OPC-pumice blended hardened pastes showed higher immobilization values for Ni 2+ and Co 2+ ions than those of OPC pastes, especially when a high dose of the heavy metal was used. (5) The leaching concentrations of both Ni and Co ions at any curing age were considerably lower than TCLP regulatory limits for both OPC and OPCpumice blended cement.
